Koval MJ, Hutchison RM, Lomber SG, Everling S. Effects of unilateral deactivations of dorsolateral prefrontal cortex and anterior cingulate cortex on saccadic eye movements. J Neurophysiol 111: 787-803, 2014. First published November 27, 2013 doi:10.1152/jn.00626.2013.-The dorsolateral prefrontal cortex (dlPFC) and anterior cingulate cortex (ACC) have both been implicated in the cognitive control of saccadic eye movements by single neuron recording studies in nonhuman primates and functional imaging studies in humans, but their relative roles remain unclear. Here, we reversibly deactivated either dlPFC or ACC subregions in macaque monkeys while the animals performed randomly interleaved pro-and antisaccades. In addition, we explored the wholebrain functional connectivity of these two regions by applying a seed-based resting-state functional MRI analysis in a separate cohort of monkeys. We found that unilateral dlPFC deactivation had stronger behavioral effects on saccades than unilateral ACC deactivation, and that the dlPFC displayed stronger functional connectivity with frontoparietal areas than the ACC. We suggest that the dlPFC plays a more prominent role in the preparation of pro-and antisaccades than the ACC.
mance of prosaccades, which requires subjects simply to look toward the stimulus. Event-related functional magnetic resonance imaging (fMRI) studies using long instruction periods (DeSouza et al. 2003; Ford et al. 2005) or rapid designs with catch trials (Brown et al. 2007 ) have shown that the dlPFC and ACC are more active for anti-than prosaccades during the instruction, but not the response period. This suggests that both areas are involved in saccade preparation, but not the generation of the motor command, consistent with the finding that both areas contain neurons with task-selectivity for pro-or antisaccades during the preparatory period (Johnston et al. 2007) . A more modulatory function of these areas also fits with the finding that electrical microstimulation of the dlPFC and ACC at physiologically-relevant current levels fails to elicit saccades (Boch and Goldberg 1989; Phillips et al. 2011; Wegener et al. 2008) .
The dlPFC and ACC are highly interconnected (Barbas and Pandya 1989; Bates and Goldman-Rakic 1993; Morecraft and Van Hoesen 1993; Paus et al. 2001) , and both areas have anatomical connections with the FEF, SEF, LIP, and basal ganglia (Bates and Goldman-Rakic 1993; Cavada and Goldman-Rakic 1989; Huerta and Kaas 1990; Goldman-Rakic 1988, 1985; Wang et al. 2004) . The dlPFC has direct projections to the intermediate layers of the superior colliculus (SC), a midbrain structure directly implicated in saccade control (Goldman and Nauta 1976; Everling 2006, 2009; Leichnetz et al. 1981) , whereas the projections of the ACC appear to target mainly the periaqueductal gray, an area involved in pain and defensive behavior (Leichnetz et al. 1981) . This suggests that the dlPFC may have stronger connections with areas involved in the control of saccades than the ACC. To test this hypothesis, we investigated the functional connectivity (FC) of these two regions by applying a seed-based analysis to an existing resting-state fMRI dataset.
Our laboratory has previously found strong lateralized effects of unilateral dlPFC deactivation on the activity of SC saccade-related neurons: unilateral dlPFC cooling decreased activity in the SC ipsilateral to deactivation, and increased activity in the SC contralateral to deactivation (Johnston et al. 2013) . These changes in SC saccade neuron activity were associated with a strong saccade bias toward the side of deactivation. Here we tested whether unilateral ACC deactivation has similar effects on the performance of pro-and antisaccades. To directly compare the effects of unilateral dlPFC and ACC deactivation in macaque monkeys, we implanted cryoloops (Lomber et al. 1999) in the posterior portion of the principal sulcus to deactivate the dlPFC (parts of areas 9/46 and 46), and at the same anterior/posterior level in the cingulate sulcus to deactivate the ACC (parts of area 24c).
MATERIAL AND METHODS
All surgical and experimental procedures were carried out in accordance with the Canadian Council of Animal Care policy on the use of laboratory animals and were approved by the Animal Use Subcommittee of the University of Western Ontario Council on Animal Care.
Surgical Procedures
Two male macaque monkeys (Macaca mulatta, 11-16 kg) were prepared for chronic deactivation studies by using a surgical protocol that has been previously described (DeSouza and Everling 2004) . In the first surgery, a head restraint post was anchored to a dental acrylic implant, which allowed the animal to be trained on the behavioral task (described below). MRI provided an image of the neural anatomy in situ, from which the individual cryoloops were custom-designed to fit into the posterior principal sulcus or the anterior cingulate sulcus. The methods for cryoloop design, insertion, and implementation have previously been described (Lomber et al. 1999 ). In the second surgery, cryoloops were implanted in the posterior end of the principal sulcus to deactivate parts of areas 46 and 9/46 of the dlPFC, and thus the likely macaque homolog of the human middle frontal gyrus (Petrides and Pandya 1999) . In addition, at the most caudal extent of the principal sulcus is what Petrides and Pandya (1999) have identified as the anterior part of area 8A. The effects of dlPFC cooling likely encroached on this area, although to a much lesser extent than the effects on areas 46 and 9/46. Cryoloops were also implanted in the anterior cingulate sulcus to deactivate parts of area 24c of the dorsal ACC. These cryoloop locations, and the cortical areas that were targeted for deactivation, are highlighted in Figs. 1A and 2, respectively. The cryoloop in the anterior cingulate sulcus was placed at the same position on the anterior-posterior axis as the cryoloop in the posterior end of the principal sulcus. This area of the dorsal ACC was the same at which our laboratory had previously found neurons that were rule-selective with an anti-/prosaccade task (Johnston et al. 2007) . Animals received analgesics and antibiotics postoperatively and were closely monitored by a veterinarian for behavioral deficits.
Cryoloop Method of Reversible Cryogenic Deactivation
Cryoloops were constructed from 23-gauge hypodermic stainless steel tubing and designed to deactivate both the upper and lower banks of the sulcus in which they were implanted (Fig. 1A) . Cryoloops implanted in the posterior principal sulcus and anterior cingulate sulcus were both 4 ϫ 6 mm in dimension, with an estimated range of 1.5-2.0 mm and thus deactivated an estimated 72-96 mm 3 of cortical tissue, which we assume was similar for both dlPFC and ACC cooling. Chilled methanol pumped through a cryoloop deactivates adjacent cortical tissue by disrupting synaptic activity therein (Lomber et al. 1999) . Methanol pumped through Teflon tubing was Fig. 1 . Reversible cryogenic deactivation and the behavioral task. A: a cryoloop was implanted in the anterior cingulate sulcus to deactivate the anterior cingulate cortex (ACC), and the posterior principal sulcus to deactivate the dorsolateral prefrontal cortex (dlPFC). Room-temperature methanol (solid line) was pumped through Teflon tubing that passed through a methanol ice bath which was reduced to subzero temperatures by the addition of dry ice. Chilled methanol (dotted line) was pumped through the cryoloop, then back to the reservoir from whence it came. Cryoloop temperature was monitored with an attached thermocouple and maintained in the range of 1-3°C by adjusting the flow rate of the peristaltic pump. The vertical dashed line on the lateral and medial views indicates where the coronal section was taken from. B: in the overlap condition, the central fixation point (FP) remained visible for the duration of the trial, whereas, in the gap condition, the central FP was removed 200 ms prior to stimulus appearance. The task instruction was provided by the color of the central FP: either green for an antisaccade away from the stimulus, or red for a prosaccade toward the peripheral stimulus. Stimulus appearance was the signal to perform the instructed saccade. The arrow which indicates the correct saccade direction is shown only for the purposes of this figure and thus was not included as part of the task display.
chilled when passed through a methanol ice bath that was reduced to subzero temperatures by the addition of dry ice. Each cooling session consisted of precool, cooling, and postcool periods that were between 10 and 15 min in duration. We chose this length of time to avoid frustrating an animal that was impaired on the task in the cooling period, while still allowing the animal enough time with which to perform a sufficient number of trials for analysis. A cooling session started with a precool period, after which the pump was turned on. Cryoloop temperature was monitored with an attached thermocouple and maintained in the desired range of 1-3°C by adjusting flow rate of the peristaltic pump. At the end of the cooling period, the pump was turned off, and cryoloop temperature rapidly returned to normal. This allowed us to observe normal behavior both before and almost immediately following deactivation. A postcool period could also serve as a control period for comparison to the cooling period that followed, and this cycle was continued for as long as the animal was willing to work.
Behavioral Task
Two monkeys were trained to perform a randomly-interleaved pro-/antisaccade task in which they were required to look either toward (prosaccade) or away from (antisaccade) a peripheral visual stimulus (Fig. 1B) . Eye movements were monitored at 500 Hz with high-speed infrared video eye tracking (Eyelink, SR Research, Kanata, ON, Canada). The task instruction was provided on each trial by the color of a central fixation point, either red or green, against the black background of the monitor screen. The animal was required to maintain fixation on the central fixation point. In the overlap condition, the central fixation point remained visible for the duration of the trial, whereas in the gap condition, the central fixation point was removed 200 ms prior to stimulus appearance (Fig. 1B) . The presence of a gap period facilitates rapid orienting of gaze toward a stimulus and thus manipulates the inhibitory demands of the task. It has previously been shown that saccadic reaction times (SRTs) are reduced, and the incidence of express saccades increased, on gap compared with overlap prosaccade trials (Bell et al. 2000; Fischer and Boch 1983; Fischer and Ramsperger 1984) . The gap condition has also been shown to decrease SRTs, and increase direction errors, on antisaccade trials (Bell et al. 2000; Fischer and Weber 1992, 1997) . This has been interpreted as reflecting an increase of "inhibitory load" for antisaccades in the gap condition (Curtis et al. 2001) . When only the animal's behavior was being recorded, the peripheral stimulus was presented at 8°to either the left or right of fixation. When the activity of a SC saccade neuron was also recorded, the stimulus appeared within a range of 4 -12°on the horizontal axis. This was because, in the cell recording sessions, the stimulus was presented either in the neuron's response field, or at the mirror location in the opposite visual field. Our laboratory has previously published the neuronal effects of unilateral dlPFC deactivation from these single-neuron recording sessions (Johnston et al. 2013) . Stimulus appearance was the signal for the monkey to perform the instructed saccade, and a correct response was followed immediately by a water reward.
Behavioral Analysis
Data analysis was performed using custom-designed software programmed in Matlab (Mathworks, Natick, MA). Saccade onset was identified as the time at which saccade velocity exceeded 30°/s following stimulus onset, while saccade end was identified as the time at which saccade velocity then fell back below 30°/s (Everling and DeSouza 2005). Each trial was visually inspected and excluded from analysis if the animal blinked at around the time of stimulus or saccade onset, and if saccade latencies were either below 80 ms (anticipations) or above 500 ms (no response). Also excluded from analysis were 1) trials within the first 3 min of the cooling and postcool periods, to allow cortical tissue sufficient time to reach the desired state of deactivation or reactivation (Horel 1991) , and 2) sessions with fewer than five trials (correct and error combined) per condition in any of the precool, cooling, or postcool periods, for either the overlap or gap conditions.
Task performance was identified as the percentage of correct trials per session, which was calculated as the number of correct trials divided by the number of correct and error trials combined. Skipped and broken fixation trials were calculated as percentages of the total number of correct, error, broken fixation, skipped, and no response trials combined. Skipped trials occurred when the animal did not initiate fixation within 2,000 ms of central fixation point appearance. Broken fixation trials were those in which the animal initiated fixation, but then looked away from the central fixation point prior to onset of the peripheral stimulus and thus the response period of the trial. No response trials occurred when the animal initiated and maintained fixation for the duration of the fixation period, but did not respond within 500 ms of peripheral stimulus appearance. The incidence of no response trials was found to be negligible both in this analysis and those reported previously (Johnston et al. 2013; Koval et al. 2011) , and thus was not included here. Session means were calculated for the SRT, saccade velocity, duration, and gain of correct responses, and the SRT of errors. Figure 3 provides a schematic representation of these measures. SRT was identified as the time between stimulus onset and saccade onset. Peak saccade velocity was identified as the maximal velocity between saccade onset and end. Saccade duration was identified as the time between saccade onset and saccade end. Saccade gain was identified as the accuracy of the endpoint of the primary saccade relative to the saccade target location, which on prosaccade trials was the peripheral stimulus, and on antisaccade trials was the mirror position in the opposite visual field. Saccade gain was calculated as the eye position on the horizontal axis at the end of the saccade, divided by the target location. All calculations were performed for 16 conditions. These consisted of dlPFC or ACC deactivation in the overlap and gap conditions, for prosaccades and antisaccades directed ipsiversive or contraversive to the side of deactivation. For each session, trials from the precool and postcool periods were combined into a single noncool period, for comparison with the trials from the cooling period. A mean value was calculated for each session, and then the populations of session means were compared between the noncool and cooling periods. Significance was assessed with a Wilcoxon signed rank test (P Ͻ 0.01). All analyses were performed for each monkey individually and both monkeys combined.
To further evaluate the effects of dlPFC and ACC deactivation across sessions, the data were normalized by computing a cooling effect index (CEI). This analysis was performed for task performance, SRT, saccade velocity, and saccade duration in each of the 16 conditions. The CEI is analogous to a microstimulation effect index that has previously been described (Phillips et al. 2011) . Here, the CEI was defined as the contrast ratio between trials in the noncool and cooling periods of each session, for both monkeys combined. For example, the CEI for SRT within one of the 16 conditions (cnd) was calculated as:
CEIs for task performance, saccade velocity, and saccade duration were calculated in a similar manner. This index provides values in the range of Ϫ1 to ϩ1. Positive values indicate an increase with cooling compared with the noncool periods, while negative values indicate a decrease. A mean CEI (ϮSE) was calculated across all sessions and assessed with a Wilcoxon signed rank test for zero median (P Ͻ 0.01).
FC of dlPFC and ACC Determined by Resting-state fMRI
Subjects and data acquisition. Data were collected from 11 naive, isoflurane-anesthetized (1%) macaque monkeys (4 Macaca mulatta and 7 Macaca fascicularis) that were not used as part of the cooling experiments. These data have been published previously as two different datasets: set 1 (N ϭ 6, repetition time ϭ 2 s, echo-planar image resolution ϭ 1.3 ϫ 1.3 ϫ 1.5 mm, 2 scans of 300 volumes) (Hutchison et al. 2011 (Hutchison et al. , 2012a (Hutchison et al. , 2012b (Hutchison et al. , 2013 Shen et al. 2012 ) and set 2 (N ϭ 5, repetition time ϭ 2 s, echo-planar image resolution ϭ 1 mm 3 , 10 scans of 150 volumes) (Babapoor-Farrokhran et al. 2013 ). Animal preparation, imaging parameters, and preprocessing are described therein. One monkey from set 1 was scanned again with the increased spatial resolution and scan numbers of set 2, and the original scanning session from set 1 removed from the analysis.
Statistical analysis. Four manually drawn regions of interest (ROIs) were selected using anatomical landmarks (Fig. 2 ). These were chosen to coincide with the locations of the implanted cryoloops in the other monkey group (Fig. 1A) . Statistical analysis was carried out in the same manner as has been used in some of our laboratory's previous reports and shown to reveal robust FC networks (Hutchison et al. 2012a (Hutchison et al. , 2012b . Briefly, the mean time course for each ROI was extracted for every scan of each animal, and the extracted time courses were then used as predictors in a model for multiple regression at the individual scan level in which nuisance covariates for white matter, cerebrospinal fluid, and six motion parameters were included. This was followed by a second level fixed-effects analysis to calculate the significantly connected voxels shared between the scans acquired for each monkey. The group-level analysis was conducted by implementing a third-level fixed-effects analysis. Corrections for multiple comparisons were implemented at the cluster level with Gaussian random field theory (z Ͼ 2.3; cluster significance: P Ͻ 0.05, corrected). The group-level analysis produced thresholded z-statistic maps showing brain regions significantly correlated with each seed region across all subjects. The group z-scores were projected from volume data to the F99 cortical surface with the CARET (http://www.nitrc.org/projects/ caret) enclosed-voxel method (Van Essen et al. 2001) .
RESULTS

Deactivation of dlPFC or ACC
We performed 55 dlPFC deactivation sessions (22 with monkey A, 33 with monkey C), and 31 ACC deactivation sessions (20 with monkey A, 11 with monkey C). The results for both monkeys combined are provided for dlPFC deactivation (Table 1 ) and ACC deactivation (Table 2) . To demonstrate that the deactivation effects were similar for both animals, results are also provided for monkey A with deactivation of the dlPFC (Table 3) or ACC (Table 4) , and monkey C with deactivation of the dlPFC (Table 5) or ACC (Table 6 ). Examples from individual sessions of dlPFC deactivation effects on SRTs in the gap condition are shown in Figure 4 . Also shown is the distribution of dlPFC deactivation effects on SRTs (Fig. 5) , task performance (Fig. 6 ), saccade velocity ( Fig. 7) and duration (Fig. 8) in the gap condition. Finally, all effects of dlPFC and ACC deactivation in the overlap and gap conditions are summarized in Fig. 9 .
dlPFC Deactivation Altered Ipsiversive and Contraversive SRTs
SRT analysis revealed that dlPFC deactivation increased contraversive SRTs, decreased ipsiversive prosaccade SRTs, and increased ipsiversive antisaccade SRTs (Fig. 9A ). There were no effects of ACC deactivation on SRT. With dlPFC deactivation there was an increase of contraversive SRT for prosaccades (CEI ϭ 0.077 Ϯ 0.008, P Ͻ 0.001) and antisaccades (CEI ϭ 0.043 Ϯ 0.008, P Ͻ 0.001) in the gap condition (Fig. 5) . Examples of these effects within individual sessions are shown in Fig. 4 . There was also an increase of contraversive SRT for prosaccades (CEI ϭ 0.071 Ϯ 0.007, P Ͻ 0.001) and antisaccades (CEI ϭ 0.034 Ϯ 0.009, P Ͻ 0.001) in the overlap condition. Also in the overlap condition, there was both a decrease of ipsiversive prosaccade SRT (CEI ϭ Ϫ0.019 Ϯ 0.005, P Ͻ 0.001) and an increase of ipsiversive antisaccade SRT (CEI ϭ 0.021 Ϯ 0.007, P Ͻ 0.01), while in the gap condition there was only a decrease of ipsiversive prosaccade SRT (CEI ϭ Ϫ0.044 Ϯ 0.006, P Ͻ 0.001; Fig. 5 ).
dlPFC Deactivation Increased the Incidence of Ipsiversive Saccades
Analysis of task performance revealed that dlPFC deactivation increased the incidence of ipsiversive saccades. This was demonstrated by an increased rate of both correct ipsiversive prosaccades, and ipsiversive errors on contraversive saccade trials (Fig. 9B ). More specifically, task performance was reduced on contraversive antisaccade trials in the overlap con-dition (CEI ϭ Ϫ0.053 Ϯ 0.010, P Ͻ 0.001) and gap condition (CEI ϭ Ϫ0.120 Ϯ 0.027, P Ͻ 0.001; Fig. 6 ), and on contraversive prosaccade trials in the gap condition (CEI ϭ Ϫ0.058 Ϯ 0.018, P Ͻ 0.001; Fig. 6 ). Task performance also improved slightly on ipsiversive prosaccade trials in both the overlap condition (CEI ϭ 0.008 Ϯ 0.003, P Ͻ 0.01) and gap condition (CEI ϭ 0.019 Ϯ 0.003, P Ͻ 0.001; Fig. 6 ). Ipsiversive antisaccade task performance was unaffected by dlPFC deactivation, but was improved by ACC deactivation in the overlap condition (CEI ϭ 0.028 Ϯ 0.009, P Ͻ 0.01). This was the only instance of an increased incidence of ipsiversive saccades with ACC deactivation.
dlPFC Deactivation Impaired Contraversive Saccades: Velocity and Duration
Prefrontal lesion and deactivation studies tend to report effects on task performance and SRT, but not other saccade parameters. An exception is Fukushima and colleagues (1990) who reported decreased antisaccade velocity in human patients with schizophrenia, a psychiatric disorder which is thought to disrupt prefrontal function, and with lesions that included both the dlPFC and FEF (Fukushima et al. 1994 ). Here we found that dlPFC deactivation both decreased the velocity (Fig. 9C ) and increased the duration (Fig. 9D ) of contraversive saccades, whereas there were no effects of ACC deactivation on either saccade velocity or duration. With dlPFC deactivation there was a decrease of contraversive antisaccade velocity in the overlap condition (CEI ϭ Ϫ0.076 Ϯ 0.009, P Ͻ 0.001) and gap condition (CEI ϭ Ϫ0.064 Ϯ 0.009, P Ͻ 0.001; Fig. 7) , and a corresponding increase of contraversive antisaccade duration in the overlap condition (CEI ϭ 0.065 Ϯ 0.007, P Ͻ 0.001) and gap condition (CEI ϭ 0.060 Ϯ 0.007, P Ͻ 0.001; Fig. 8 ). These effects were similarly found for contraversive prosaccades, although to a lesser extent. There was a small decrease of saccade velocity in both the overlap condition (CEI ϭ Ϫ0.018 Ϯ 0.004, P Ͻ 0.001) and gap condition (CEI ϭ Ϫ0.016 Ϯ 0.006, P Ͻ 0.01; Fig. 7) , and a slight increase of saccade duration in the overlap condition (CEI ϭ 0.013 Ϯ 0.004, P Ͻ 0.01). The only effect of dlPFC deactivation on the kinematics of ipsiversive saccades was a small increase of ipsiversive antisaccade velocity in the overlap condition (CEI ϭ 0.017 Ϯ 0.005, P Ͻ 0.01).
Additional Effects of dlPFC and ACC Deactivation
In addition to the effects on SRT, task performance, and saccade kinematics, there were also a few effects on antisaccade accuracy, the onset latency of errors, and the incidence of broken fixation trials. First, with dlPFC deactivation there was an increase of ipsiversive antisaccade gain, and thus reduced accuracy of ipsiversive antisaccades. This overshoot of the saccade target was found in both the overlap condition (CEI ϭ 0.016 Ϯ 0.004, P Ͻ 0.001) and gap condition (CEI ϭ 0.016 Ϯ 0.004, P Ͻ 0.001). Second, both dlPFC and ACC deactivation affected the latency of antisaccade errors: dlPFC deactivation increased the SRT of contraversive errors on ipsiversive antisaccade trials in the gap condition (control ϭ 200.5 Ϯ 7.9 ms, cool ϭ 231.8 Ϯ 9.4 ms, CEI ϭ 0.088 Ϯ 0.020, P Ͻ 0.001), while ACC deactivation decreased the SRT of ipsiversive errors on contraversive prosaccade trials in the gap condition (control ϭ 225.7 Ϯ 15.7 ms, cool ϭ 196.2 Ϯ 9.1 ms, CEI ϭ Ϫ0.131 Ϯ 0.026, P Ͻ 0.01). Third, dlPFC and ACC deactivation also had an effect on the incidence of broken fixation trials: the tendency to break fixation increased on contraversive antisaccade trials in the gap condition with dlPFC deactivation (CEI ϭ 0.059 Ϯ 0.025, P Ͻ 0.001), and decreased on ipsiversive antisaccade trials in the overlap condition with ACC deactivation (CEI ϭ Ϫ0.140 Ϯ 0.046, P Ͻ 0.01).
Resting-state FC of dlPFC and ACC
ROIs encompassing portions of the dlPFC and ACC were selected to approximate the locations of the cryoloops implanted in the other subset of monkeys used in the present study. Figure 10 displays the resting-state FC results of the ROIs selected in the right hemisphere with superimposed cytoarchitectonic areas (Van Essen et al. 2012 ). The ROIs show extensive connectivity with local and distributed brain areas that are specific for the respective ROI. The FC patterns in the contralateral hemisphere to the ROI are similar to those observed in the ipsilateral hemisphere, although the connectivity tends to be slightly weaker. Furthermore, the connectivity patterns are not dependent on the hemisphere in which the seeds are placed as the profiles are approximately mirrored when the ROIs are placed within the same region of the left hemisphere (Fig. 11 ).
For the ACC ROI placed in the cingulate sulcus, all areas within the ACC extending into the subgenual area show strong correlations. Dorsal and ventral regions of the medial PFC are highly functionally connected to the cingulate ROI. Also apparent is strong positive connectivity with the hippocampus and regions along the hippocampal sulcus. On the lateral surface, regions in the superior and inferior temporal sulci are functionally connected, as are the primary visual areas, extending within the lunate and inferior occipital sulci. There is also strong positive connectivity with areas immediately ventrolateral to the principal sulcus and rostrally in the PFC. Notably absent was significant FC with the posterior cingulate, parietal cortex, and only limited connectivity with areas in the arcuate sulcus corresponding to the FEF (Fig. 10A) .
In addition to positively correlated activity near the dlPFC ROI, significant FC was found to extend throughout the prin- cipal and arcuate sulcus encompassing the anterior bank of the arcuate sulcus that corresponds to the location of the FEF (Fig.  10B ). Beyond these regions, and unlike the ACC ROI, strong connectivity is observed within the intraparietal sulcus, parieto-occipital sulcus, and posterior cingulate areas. Regions of the rostral ACC and dorsomedial PFC (SEF) are functionally connected to the dlPFC ROI. Moderate z-score values can also be observed on the superior and inferior temporal gyrus as well as with some early visual areas.
DISCUSSION
Here we found that unilateral dlPFC cooling both facilitated ipsiversive saccades and impaired contraversive saccades, while there was a lack of unilateral ACC cooling effects. Ipsiversive saccade facilitation was demonstrated by an increased incidence of ipsiversive saccades and reduced SRTs, while the contraversive saccade impairments were increased SRTs, increased saccade duration, and reduced saccade velocities. In addition, a seed-based analysis of resting-state fMRI displayed stronger FC of cortical saccade areas with the dlPFC than the ACC. Together these findings suggest that the dlPFC plays a more prominent role in the preparation of pro-and antisaccades than the ACC.
The deficits after unilateral dlPFC cooling (increased SRTs and reduced velocity of contraversive saccades) have similarly been found during unilateral muscimol deactivation of the dlPFC, FEF, and LIP (Condy et al. 2007; Li et al. 1999; Sommer and Tehovnik 1997) . These cortical areas project directly to the SC (Fries 1984; Goldman and Nauta 1976; Leichnetz et al. 1981; Lynch et al. 1985; Stanton et al. 1988 ). Saccade-related neurons in the SC have low-frequency prestimulus discharge that is inversely related to contraversive saccade latency in monkeys (Dorris and Munoz 1998; Dorris et al. 1997; Everling et al. 1999) , and high-frequency perisaccadic discharge that is positively correlated with contraversive saccade velocity in monkeys (Rohrer et al. 1987; Stanford et al. 1996; Van Opstal et al. 1990 ) and cats (Berthoz et al. 1986; Munoz and Guitton 1986) . Therefore the increased SRTs and reduced velocity of contraversive saccades after unilateral cortical deactivation (dlPFC, FEF, or LIP) suggest there was a decrease of saccade neuron activity in the SC ipsilateral to deactivation.
Unilateral muscimol deactivation of the dlPFC, FEF, and LIP has also been shown to increase the incidence of ipsiversive saccades, i.e., saccades toward the side of deactivation (Condy et al. 2007; Dias et al. 1995; Wardak et al. 2002) . In the present study, we found that unilateral dlPFC cooling increased the incidence of ipsiversive errors on contraversive antisaccade trials. Given that SC saccade neurons have a higher level of prestimulus activity for antisaccade errors than correct antisaccades in the gap task (Everling et al. 1998) , the increased incidence of ipsiversive antisaccade errors suggests there was an increase of saccade neuron activity in the SC contralateral to deactivation.
In an earlier report, our laboratory (Johnston et al. 2013) tested these hypotheses by simultaneously cooling the dlPFC Fig. 6 . Distribution of dlPFC deactivation effects on task performance in the gap condition. Task performance for contraversive prosaccades, ipsiversive prosaccades, contraversive antisaccades, and ipsiversive antisaccades is plotted for the dlPFCϩ period against the dlPFCϪ period.
and recording the activity of SC saccade neurons both ipsilateral and contralateral to the side of deactivation. We reported that unilateral dlPFC cooling increased the onset latency of saccade-related activity in the SC ipsilateral to deactivation (Johnston et al. 2013) . Given that corticotectal projections are primarily ipsilateral (Leichnetz et al. 1981; Selemon and Goldman-Rakic 1988; Stanton et al. 1988 ), this reduction of activity at the ipsilateral SC suggests that the dlPFC has an excitatory influence on SC saccade neurons. We also found that unilateral dlPFC cooling increased the level of saccade neuron activity in the SC contralateral to deactivation (Johnston et al. 2013) . Ipsilateral corticotectal projections imply that this effect of cortical deactivation on the contralateral SC may have been mediated indirectly by interhemispheric inhibition at the level of cortical areas (Palmer et al. 2012; Schlag et al. 1998) or collicular structures (Munoz and Istvan 1998; Takahashi et al. 2005) .
While this evidence supports a role of the dlPFC in the preparation of contraversive saccades, it must be taken into consideration that an overt shift of gaze is also preceded by a covert shift of attention (Deubel and Schneider 1996) . The premotor theory of attention posits that an attention shift is functionally equivalent to saccade preparation (Rizzolatti et al. 1987) . Schall and colleagues, on the other hand, have shown that covert attention can be modulated independent of saccade preparation (Juan et al. 2004) Thompson et al. 1997 Thompson et al. , 2005 ). The dlPFC is also proposed to play a role in both covert attention (Lau et al. 2004; Manly et al. 2003; Owen et al. 1996; Petrides et al. 2002; Rowe and Passingham 2001; Rowe et al. 2000) and saccade preparation (Brown et al. 2007; DeSouza et al. 2003; Ford et al. 2005; Johnston et al. 2007 Johnston et al. , 2013 Koval et al. 2011) , and thus it is difficult to dissociate the effects of dlPFC deactivation that we observed here. Consequently, the effects on contraversive saccades may have actually been caused by an effect on the allocation of spatial attention toward the contralateral visual field.
Support for a role of the dlPFC in contralateral shifts of attention comes from single-neuron recording studies with monkeys in which the activity of dlPFC neurons increased when attending to a stimulus (Lebedev et al. 2004; Rainer et al. 1998) , and when a stimulus appeared at an attended location (DeSouza and Everling 2004; di Pellegrino and Wise 1993; Everling et al. 2002) . This modulation of neuronal activity by attention has been shown to correlate with task performance, which suggests that the dlPFC plays an important role in attentional filtering (Lennert and Martinez-Trujillo 2011) . dlPFC neurons also show an increase of activity when a stimulus appears in their contralateral visual field (Everling et al. 2006; Funahashi et al. 1989 Funahashi et al. , 1990 , and this response is enhanced both when the monkey is attending to the contralateral location at which the stimulus appears (Everling et al. 2002) , and for covert shifts of attention toward contralateral targets (Kaping et al. 2011) . Similarly, human neuroimaging has shown that when covertly attending to a contralateral stimulus, there is an enhanced response at both the dlPFC and Fig. 7 . Distribution of dlPFC deactivation effects on saccade velocity in the gap condition. Saccade velocity for contraversive prosaccades, ipsiversive prosaccades, contraversive antisaccades, and ipsiversive antisaccades is plotted for the dlPFCϩ period against the dlPFCϪ period. Solid symbols indicate sessions with a significant difference between the dlPFCϩ and dlPFCϪ periods (Wilcoxon rank sum test, P Ͻ 0.01).
posterior parietal cortex (Ikkai and Curtis 2011). Electrical microstimulation of the posterior parietal cortex, in addition to the FEF, SEF, and SC, has been shown by Crawford and colleagues to evoke contraversive shifts of both the eyes and head in head unrestrained monkeys (Constantin et al. 2009; Martinez-Trujillo et al. 2003a , 2003b Monteon et al. 2010) . Saccade kinematics were unimpaired by these perturbations, indicating that the proposed cortical saccade control network (Pierrot-Deseilligny et al. 2004 ) may actually send signals to the SC that encode gaze rather than saccades (Klier et al. 2003) . Together these studies suggest that the dlPFC contributes to a spatial priority map which, as part of a dorsal frontoparietal network, guides contraversive shifts of both attention and gaze (Corbetta and Shulman 2011). These contributions are akin to the enhancement of task-relevant representations by which the dlPFC is proposed to support goaldirected behavior (Braver et al. 2007; Miller and Cohen 2001; Munakata et al. 2011) .
A Paucity of Unilateral ACC Cooling Effects
Human neuroimaging studies have shown a greater instruction-related blood oxygen level-dependent signal in the dlPFC and ACC for antisaccades than prosaccades, and for correct antisaccades than error antisaccades (Brown et al. 2007; DeSouza et al. 2003; Ford et al. 2005) . Therefore, it has been proposed that the dlPFC and ACC play a role in saccade preparation, which is consistent with the finding from monkey neurophysiology studies that both the dlPFC and ACC contain neurons with task-selectivity for pro-or antisaccades during the preparatory period (Johnston et al. 2007) . Evidence for a similar role of the dlPFC and ACC in cognitive saccade control has also come from neuroanatomical studies, which have shown that the dlPFC and ACC are highly interconnected (Barbas and Pandya 1989; Bates and Goldman-Rakic 1993; Morecraft and Van Hoesen 1993; Paus et al. 2001) and share similar connections with saccade-related brain areas such as the FEF, SEF, LIP, and basal ganglia (Bates and GoldmanRakic 1993; Cavada and Goldman-Rakic 1989; Huerta and Kaas 1990; Goldman-Rakic 1988, 1985; Wang et al. 2004) . However, whereas the dlPFC has direct corticotectal projections (Goldman and Nauta 1976; Johnston and Everling 2006; Leichnetz et al. 1981) , the cortico-mesencephalic projections of the ACC appear to target the periaqueductal gray instead (Leichnetz et al. 1981) . Given that the saccade commands sent from the SC to the brain stem saccade generator (Gandhi and Katnani 2011; Munoz et al. 2000; Scudder et al. 2002; Sparks 2002) appear to play a critical role in saccade initiation (Pierrot-Deseilligny et al. 1991; Wurtz and Goldberg 1972) , the absence of ACC corticotectal projections suggests that the ACC does not play a prominent role in pro-and antisaccade preparation.
Resting-state fMRI allows for an empirical characterization of the temporal relationship between brain regions in the absence of an explicit task (Biswal et al. 1995; Fox and Raichle 2007) , which can be interpreted as a measure of FC (Friston and Buchel 2007; Friston 2011) . Although the precise relation- Fig. 8 . Distribution of dlPFC deactivation effects on SD in the gap condition. SD for contraversive prosaccades, ipsiversive prosaccades, contraversive antisaccades, and ipsiversive antisaccades is plotted for the dlPFCϩ period against the dlPFCϪ period. Solid symbols indicate sessions with a significant difference between the dlPFCϩ and dlPFCϪ periods (Wilcoxon rank sum test, P Ͻ 0.01).
ship is still unclear, evidence has linked the spontaneous blood oxygen level-dependent activity (0.01-0.1 Hz) and their synchronization to slow, ongoing fluctuations in neuronal activity (Leopold and Maier 2012; Shmuel and Leopold 2008) . The technique has revealed robust and reproducible FC patterns across subjects (Beckmann et al. 2005; Damoiseaux et al. 2006 ) and within multiple species (Hutchison and Everling 2012; Vincent et al. 2007 ). These intrinsic connectivity networks can resemble task-evoked patterns (although see Mennes et al. 2013; Smith et al. 2009 ) and appear be to be constrained (though not fully determined) by the underlying anatomical connectivity (Damoiseaux and Greicius 2009; Honey et al. 2009; van den Heuvel et al. 2009 ). In the present study, by selecting comparable regions of the cryoloop locations, we were able identify the unique FC profiles of the deactivated prefrontal and cingulate region and found that the dlPFC displayed stronger FC with frontopatietal areas than the ACC. FC analyses therefore suggest that the dlPFC, but not the ACC, is part of the network that is involved in spatial or attentional orienting (Chica et al. 2011; Corbetta et al. 1998 Corbetta et al. , 2000 Curtis et al. 2005; Hon et al. 2006 ). This conclusion from the FC results is directly supported by our finding of an abundance of unilateral dlPFC cooling effects, and only very few effects with unilateral ACC cooling.
However, it is difficult to interpret this negative result of ACC cooling, given the limited spread of deactivation. While a benefit of the cooling method is that it allowed us to limit our deactivation to one particular area, the absence of an effect leaves open the possibility that deactivating a different subregion of the ACC could have had an effect. The lack of Fig. 9 . Effects of dlPFC and ACC deactivation on prosaccades and antisaccades. Mean cooling effect indexes (CEIs) are displayed for SRT (A), task performance (B), saccade velocity (C), and SD (D). Each plot contains 16 conditions divided into four groups (left to right): contraversive prosaccades, ipsiversive prosaccades, contraversive antisaccades, and ipsiversive antisaccades. Each group is further divided into four conditions (left to right): dlPFC deactivation in the overlap condition (PFC-OVR), dlPFC deactivation in the gap condition (PFC-GAP), ACC deactivation in the overlap condition (ACC-OVR), and ACC deactivation in the gap condition (ACC-GAP). Conditions with a mean CEI significantly different than zero are indicated by a 99% confidence interval that is entirely either less than or greater than zero. *P Ͻ 0.01. impairments that we observed could thus be attributed to the particular area of the ACC that we deactivated, and the behavioral task that we used to test the function that this area serves. Here we chose to deactivate the same area of the ACC in which we had previously found neurons that were selective for prosaccades or antisaccades (Johnston et al. 2007 ). Deactivation of this area had rather weak effects, although this may be explained by differences between the tasks. The randomlyinterleaved task used for this deactivation study provided a rule cue at the beginning of each trial, whereas the recording study used an uncued blocked task in which the relevant rule was determined based on either the delivery or omission of reward. Given that the ACC has been implicated in reinforcementguided behavior (Buckley et al. 2009; Kennerley et al. 2006) , this may explain why the uncued task elicited a response from neurons in this area of the ACC, whereas performance of the cued task was not affected by deactivation of the same area.
On the other hand, we may have deactivated an area of the ACC that has only a weak influence on the saccade system. The ACC is a heterogenous area that consists of rostral and dorsal subregions, of which the dorsal ACC extends from the genu of the corpus callosum to between the vertical planes of the anterior and posterior commissures (Paus 2001) . Two distinct cingulate eye fields (CEF) have been identified in the dorsal ACC: a rostral CEF and caudal CEF (Wang et al. 2004 ). Both the rostral CEF for one of their monkeys, and the cryoloop that we implanted in the cingulate sulcus of our monkeys, were aligned with the posterior end of the principal sulcus. This suggests that we may have deactivated the rostral CEF, in which case the rostral CEF may have only a weak influence on the oculomotor system. This is supported by the antisaccade impairments found by clinical neuropsychology studies of dorsal ACC lesions. Patients with the caudal set of lesions, centered on the vertical plane of the anterior commissure (VAC), had greater impairments than patients with the rostral set of lesions, which were located anterior to the VAC (Gaymard et al. 1998; Milea et al. 2003) . Using the VAC as a landmark (Paus 2001) , the location of these caudal and rostral lesions in human patients corresponds roughly with that of the caudal CEF and rostral CEF found in monkeys, respectively.
Alternatively, the weak effect of ACC deactivation could also have been the result of cooling an area of the ACC that was neither the rostral nor caudal CEF. Wang and colleagues (2004) found that the location of the CEFs relative to the posterior principal sulcus was different between their two monkeys. In one monkey the rostral CEF was aligned with the posterior end of the principal sulcus, while in the other monkey there appears to have been either an anterior shift of the CEF locations, or a posterior shift of the FEF location. Consequently, the posterior end of the principal sulcus, and thus our cryoloop in the anterior cingulate sulcus, may have been located between the rostral and caudal CEFs. Given that Wang and colleagues (2004) identified the CEFs as being particularly involved in saccade control, ACC deactivation in an area other than the rostral or caudal CEF would not be expected to have an effect on saccades. A more precise localization of the CEFs, however, is required to determine whether the posterior end of the principal sulcus is an appropriate landmark for identifying a saccade-related area in the dorsal ACC.
We must also consider a role of the ACC in the monitoring of task performance, given that the ACC receives a dopaminergic training signal from the midbrain that is elicited by errors (Holroyd and Coles 2002) . This has been demonstrated as a negative-polarity event-related potential (i.e., an errorrelated negativity), attributed to the ACC, that is time-locked to the onset of an incorrect response (Holroyd and Coles 2002) . Errors have also been associated with an increased hemodynamic response at the ACC (Polli et al. 2005) . In addition to errors, ACC neurons have been shown to encode serial order (Procyk and Joseph 2001; Procyk et al. 2000) and reward (Ito et al. 2003; Niki and Watanabe 1979) . Alternatively, the ACC has been proposed to monitor task conditions for conflict (Carter and van Veen 2007) . Together, these hypotheses suggest that the ACC may play a role in monitoring for conflict, errors, and reward. Detection of this task-related information could prepare the saccade network for task-switching (Johnston et al. 2007 ) and the generation of intentional saccades (Muri and Nyffeler 2008; Pierrot-Deseilligny et al. 2004 ).
In conclusion, here we found stronger behavioral effects on saccades with unilateral dlPFC deactivation than unilateral ACC deactivation, and stronger FC with frontoparietal areas for the dlPFC than the ACC. Together these findings indicate that the dlPFC plays a more prominent role in saccade preparation than the ACC.
